Abstract-A 5 × 9 beamsteering reflectarray operating at K a -band is presented in this paper. Continuous beamsteering is achieved through the use of barium strontium titanate (BST) technology. BST is monolithically integrated into each unit cell using clean room fabrication techniques. With the application of dc bias voltage, an integrated tunable capacitor is realized. The unit cell design utilized in this reflectarray is analyzed and multiple biasing schemes are assessed. The reflectarray is designed to scan in the E-plane only, and is evaluated using full-wave simulations and measurements. An appropriate feeding structure is designed and fabricated using a fused filament deposition 3-D printer, with micrometer stages used to make fine adjustments for final alignment. Overall a gain of 8.3 dBi, with a 1-dB bandwidth of 2% and continuous beamscanning from 0°to 25°at 32 GHz is demonstrated.
I. INTRODUCTION
R EFLECTARRAYS, the combination of traditional reflectors and array antennas inherit many desirable qualities from their predecessors including high gain, spatial feeding, planar design, and low cost [1] , [2] . Reconfigurable reflectarrays leverage their spatial feeding to avoid the lossy and costly feeding network required by traditional phased arrays, while enabling beamforming capabilities. In addition, the planar aperture of the reflectarrays, similar to array antennas, significantly reduces the cost of fabrication and deployment required by parabolic reflectors. These inherent advantages make reflectarrays potential candidates for space-deployed beamscanning antenna systems [3] , [4] .
In a reflectarray design, the phase response of each element is tailored to compensate for different spatial lengths from the feed in order to achieve a constructive interference in the desired direction. Several methods that focus on the reconfiguration of the feed have been demonstrated. In [5] , the mechanical displacement of the feed in the lateral direction was demonstrated and the use of partially illuminated apertures was shown in [6] . In [7] , feed arrays were used to achieve beamsteering utilizing a passive reflector. Alternatively, beamsteering in reflectarrays can be realized by using phase-agile reflectarray elements. The performance of reflectarrays that utilize phase-agile antenna elements is heavily dependent on the performance of each element, known as the unit cell. Several technologies have been used to enable phase tuning in reflectarray unit cells including micro motors [8] , MEMS [9] , PIN diodes [10] , varactors [11] , nematic liquid crystal [12] , and graphene [13] .
MEMS devices offer lower losses, however, suffer from slow switching speeds and complex fabrication [14] . Varactortuned elements possess linearity issues and higher losses, which make them less suitable for high-frequency designs. PIN diodes have been used in designs operating at 60 GHz and above [15] as single-bit devices. For continuous beamscanning, multibit reflectarray designs using PIN diodes and MEMS devices are desired which will result in higher losses and complicated biasing networks. Of particular concern in space-bound applications is the susceptibility of the tuning element to radiation. PIN diodes and varactors require special considerations to ensure long-term performance when subject to the radiation of space [16] . Nematic liquid crystals introduce low losses at terahertz frequencies, however, their losses are much higher at microwave frequencies and require large switching times [17] . In addition, at low temperatures, nematic liquid crystals take on a crystalline state and the dielectric anisotropy is reduced to zero making them unsuitable for space applications [18] . Graphene's plasmonic mode shows many promising properties including tunability, however, demonstrates very high losses below its plasma frequency [19] .
Thin-film Barium Strontium Titanate (BST) is a complex oxide material which possesses numerous desirable attributes for antenna applications. BST can be used in high-power applications, consumes negligible dc power, can be monolithically integrated, and is capable of continuous tuning at very high speeds [20] , [21] . The paraelectric phase of BST is used to realize tunable varactors that can be integrated with the reflectarray elements to achieve electronic beamscanning. A common technique used to enable electronic tuning is to incorporate a delay line into the unit cell's design and imbed a phase shifter into that delay line. Aperture-coupled microstrip patch elements with a single-bit MEMS switched delay line capable of directing the beam to broadside and 40°at 26.5 GHz was shown in [22] . Thin-film BST phase shifters operating at X-band were designed and tested in [23] . Reflectarray antenna elements integrated with BST were shown in [24] and [25] but suffered from very high losses. A continuously tunable K a -band reflectarray unit cell monolithically integrated with BST was recently presented in [26] . An attempt to improve the bandwidth utilizing dual-resonance elements integrated with BST was presented in [27] using simulations. Recent studies investigating manganese doping of BST films have shown a marked reduction in the losses associated with BST and a collapse of its P-E hysteresis loop [28] .
In this paper, an electronically reconfigurable reflectarray operating at K a -band is presented. This array is designed using unit cell elements similar to those presented in [26] . First, the analysis of the unit cell is presented using simulations. Next, the simplified biasing techniques for the array demonstration are discussed. Finally, the fabrication and measurements of the 45-element reflectarray prototype is presented. To the author's knowledge, this paper demonstrates the first BST-integrated continuously tunable reflectarray operating at K a -band. A summary of the results of this paper was recently presented in [29] .
II. UNIT CELL ANALYSIS
In this section, the analysis and design of a tunable unit cell based on BST technology is presented. The BST-integrated capacitively loaded patch element developed in [26] is chosen as the unit cell. The antenna element consists of two quarter wavelength patches coupled through a BST thin film as shown in Fig. 1 . By applying a variable dc voltage across the patch elements, the permittivity of BST is tuned due to its paraelectric behavior and a varactor is realized.
The reflection properties of a BST-integrated unit cell are dependent on the mode of excitation, the physical parameters of the patch, and the dielectric properties of BST and the substrate [30] , [31] . The effects from system pressure and substrate thickness on the unit cell performance were investigated in [26] . It is important to note that the S-curves reported in [26] were based on rectangular metallic waveguide simulations with an inter-element spacing of 7.112 and 3.556 mm to facilitate measurements. However, for an array design, it is important to extract the unit cell reflection properties for the actual spacing between the elements in the final array. For this reason, the dielectric properties of BST are estimated from the measurements provided in [26] for the optimal 20 mtorr system pressure and presented in Fig. 2 . It is observed that the dielectric constant varies from 500 to 275, while loss tangent varies from 0.12 to 0.03 for an E-field variation of 0-35 V/μm. This enables the study of the reflection properties of the unit cell for any case of interest using full-wave simulations.
First, the unit cell analysis is performed for a normal incidence angle using a parallel-plate TEM waveguide in ANSYS High Frequency Structure Simulator (HFSS). An operating frequency of 31.6 GHz, a fixed inter-element spacing of a = b = 4 mm and a substrate thickness of 175 μm is chosen. The dimensions of the patch element are 2.3 mm (W ) and 1.9 mm (L) with a fixed gap size of 10 μm. The dimensions of the BST element are slightly larger than the gap size to ensure a reliable electrical connection between the patch elements and the BST thin film. The analysis is carried out by varying the BST dielectric constant from 275 to 500 in steps of 25, and loss tangent from 0.03 to 0.12 in steps of 0.01. The resulting S-curves showing the variation of reflection magnitude and phase versus BST permittivity are shown in Fig. 3 . It is important to note that the frequency of operation is picked to achieve an overall phase range close to 240°. It is observed that the reflection loss varies from 1.5 to 7.18 dB for the chosen range of dielectric properties of BST. Maximum reflection loss is observed for a BST relative permittivity of 350. An overall phase-variation of 240°is observed.
To understand the effects from incidence angles on the reflection properties of the antenna elements, Floquet analysis is used. HFSS simulations employing master-slave boundaries are used to extract the reflection properties. Incidence angles up to 40°for both TE and TM polarizations are simulated and compared with the normal incidence. From Fig. 4 , it is observed that the reflection losses of the unit cells excited by TE waves (elements on the H -plane) are higher than the normal incidence. It is also observed that on H -plane, the reflection loss increases as incidence angles increases as explained in [32] . On the other hand, for the elements on the E-plane (TM), reflection losses are smaller than the normal incidence case, and decreases as the incidence angle increases. The variation of reflection phase versus BST dielectric constant for different incidence angles and polarizations is also shown in Fig. 4 . It is seen that the overall phase range decreases slightly for the elements located on the E-plane (TM) compared to the normal incidence. On the other hand for the elements on the H -plane (TE), the overall phase range increases with the incidence angles. This behavior is due to the change in the phase-sensitivity of the unit cell [32] . Overall, the effects from varying incidence angle are smaller for incidence angles up to 20°and start to increase for higher incidence angles particularly on H -plane.
III. ARRAY DESIGN AND SIMULATIONS
In this section, first the biasing schemes for the unit cell described in the previous section are discussed. Later, a reflectarray prototype is analyzed using full-wave simulations. A simplified phase assignment to reduce the number of voltage sources for E-plane scanning is also discussed. Finally, the beamscanning capability of the array is demonstrated on H -plane using full-wave simulations and individual phase assignment.
A. Biasing Schemes
Ideally, every element in the array will have an individual phase control to achieve beamscanning. However, such a demonstration is particularly expensive since it requires a power supply for every single antenna element. For this purpose, two simplified biasing schemes shown in Fig. 1 are studied. Type-1 and Type-2 correspond to the cases where the antenna elements are connected along E-and H -planes, respectively. For the Type-1 configuration, H -plane scan is possible and vice versa for Type-2. By using such a simplified biasing scheme for an array, every antenna along each row or column can be controlled by a single power supply and beamscanning along the other plane can be demonstrated. This simplified biasing scheme helps demonstrate the beamscanning capability of the array with reasonable costs.
The bias lines are defined using high-impedance chromium lines connected to the minimum E-field point on each quarter wavelength patch. The study is carried out for a fixed normal incidence and polarization with E-field along y-axis. The comparison between the S-curves with and without the biasing lines is shown in Fig. 5 . It is clearly observed that for Type-2, where the elements are connected along H -plane, the effects from biasing are small. On the other hand, for Type-1 biasing scheme, significantly higher losses with a completely different phase response is observed. Hence, Type-2 biasing scheme is chosen for the array design. Since all the elements along H -plane are connected to a single power supply, the phase variations for different incidence angles along H -plane are not considered. It is already shown in the previous section that the effects due to incidence angle on the reflection phase of elements along E-plane is not significant. Hence, unit cell analysis based on normal incidence is used for the array analysis via full-wave simulations. 
B. Array Analysis Using Full-Wave Simulations
For the demonstration, a 5 × 9 (45) element array with an offset feed configuration of θ f = 25°along E-plane is chosen. A K a -band horn antenna with the beam pointing toward the center of the array is used as shown in Fig. 6 . The Type-2 biasing scheme where the elements along H -plane are controlled by a single voltage is used. By choosing a large f /D and placing the feed along E-plane (y-axis), similar phase-delays for the elements along each column can be achieved and beamscanning along E-plane can be demonstrated. For this reason, a large f /D = 1.95 is chosen. This corresponds to an aperture efficiency of ∼27% and an incidence angle of 36°. If individual phase control is used, a large f /D is not needed and aperture efficiencies up to 75% are realizable [33] .
From the array theory, the phase shifts desired on each element with coordinates (m, n) to achieve a beamscan angle of (θ b , ϕ b ) can be calculated using
For an array with large f /D with beamscanning along ϕ b = 90°and simplified biasing scheme, where all the elements along each column are controlled by a single voltage source, (1) is simplified to
For the analysis and design of the array, the unit cell simulation results based on TEM waveguide are used. HFSS using finite element boundary integral (FEBI) boundary conditions is used to analyze the array performance. By using FEBI, the radiation boundary can be defined just around the feed and the array. The structures inside the FEBI are analyzed using Finite Element Method (FEM) and the interactions between the structures are analyzed using boundary integrals, which significantly reduces the simulation complexity compared to a standard radiation boundary.
In addition, due to the small size of the gap (10 μm) and high dielectric constants of BST, it is computationally very intensive to perform the full-wave simulations of the entire structure. To simplify the simulation complexity, BST material is approximated by the HFSS lumped element model. The varying BST permittivity and loss tangent are simulated by changing the capacitance and resistance values of the parallel RC lumped-element circuit. For the chosen BST dielectric property variations, capacitance ranging from 0.42-0.23 pF and resistance from 105-720 are obtained. The BST's DC model is almost an ideal capacitor with a leakage current in the micro amp range resulting in a negligible power consumption.
For the array analysis, first the lumped element parameters of the BST are chosen to achieve the phase distributions required to scan the beam along E-plane. The elements along each column are assigned the same lumped element parameters to replicate the simplified biasing scheme as shown in Fig. 6 . Note that the biasing pads are covered by absorber material during measurements and hence are not modelled in the simulations. Fig. 7(a) shows the normalized radiation patterns for E-plane scan up to 25°. Only the scan cases along the image side of the feed are shown due to the feed blockage. For this array, the variation in the level of radiation pattern is not only due to the scan loss, but is dominated by the element loss for each scan angle. The higher loss for broad side case is due to the higher losses of unit cells that are required to provide the desired phases. In Fig. 7(b) , the E− and H -plane patterns for the broad-side case are shown. From Fig. 7(b) , it is observed that the narrow main lobes are observed for the E-plane patterns compared to H -plane patterns as expected, due to the larger size along E-plane. Higher sidelobe levels are observed for the E-plane radiation patterns, particularly for the broadside case due to the simplified biasing scheme resulting in phase errors and the scan angle being close to the feed. Also, the effects of feed image lobe from the ground plane can be observed. These effects can be minimized and overall better side lobe levels can be achieved by using individual phase control of each element [34] .
To demonstrate the beamscanning along H -plane, the simplified biasing scheme is not sufficient for the chosen configuration. Hence, individual phase assignment for each element in the array is used to demonstrate H -plane scanning. The simulated radiation patterns showing scan angles up to ±25°a long H -plane are plotted in Fig. 8 . Better side lobe levels are observed here due to the individual phase assignment. Overall, employing full-wave simulations the beamscanning capability of the array along the principle planes is demonstrated.
IV. FABRICATION AND MEASUREMENTS In this section, the fabrication steps and measurement of the proposed array are discussed. The properties of BST thin film are significantly dependent on the deposition and processing parameters during fabrications [26] . First, a 400-nm-thick BST film is deposited on two-inch C-plane during the deposition process. The deposited BST is patterned using photolithography and undesired BST is etched off using 2% HF solution. The amorphous BST is then made crystalline by annealing at 900°C for 12 h. Next, 125-nm-thick and 35-μm-wide highly resistive chromium is deposited using thermal evaporation and patterned using liftoff. A third mask layer is used to pattern the patches and biasing pads, where 800-nm-thick copper is deposited via E-beam evaporation along with 40-nm-thick chromium deposited using thermal evaporation for adhesion. Finally, another 800-nm-thick copper is deposited as the ground plane. The fabricated 45-element array with the simplified biasing scheme is shown in Fig. 9 . The biasing lines run toward the edge of the wafer, electrically connecting the antenna elements to the biasing pads. Two sets of biasing pads are defined for substitution in case there is a breakage in the bias line.
Once the biasing pads are soldered with the DC cables, the array is mounted on a test fixture. To avoid undesired reflections from the biasing pads, thin foam sheet absorber is mounted along the edges of the wafer. The measurement setup including the array, feed, biasing lines, and the support structures is shown in Fig. 9 . All the supporting structures used in the measurement setup are fabricated using a 3D printer extruding polylactic acid (PLA). Depending on its molecular weight and crystallinity, PLA can exhibit significantly different electrical characteristics. However, PLA has been reported to possess a dielectric constant of 2.3 [35] .
The measurements are carried out in a standard anechoic chamber using far-field setup. Due to the chosen gap size of 10 μm, dc voltages up to 350 volts with negligible currents are required to achieve the tunability. Commercially available dc-dc converters (PICO Electronics' 5SAR500) are used to transform the low input voltages from the input power supply (5 V) to the desired high output voltages (0-350 V). The 5SAR500 requires 5 V DC and less than 100 mA full load and is capable of producing up to 500 V DC at 6 mA with 0.15% voltage ripple. In addition, Edmund Optics micrometers are used for the fine adjustment of the array. Model number 56-356A was chosen for its +/−13 mm travel and 400 μm/turn resolution. First, for the broadside scan case the measured copolarization and cross-polarization levels of the reflectarray on the principle planes are shown in Fig. 10(a) . It is clearly observed that narrower beam is achieved on the E-plane compared to the H -plane. A cross-polarization level better than −18.5 dB is measured on the principle planes. Higher side lobe levels of −7.5 dB are observed for the E-plane pattern as predicted from the full-wave simulations. Fig. 10(b) shows the radiation patterns for three scan angles of 0°, 13°, and 25°along E-plane. It is observed that better sidelobe levels (10 dB less than the main beam) are measured for 13°and 25°scan angles compared to broad-side case. The cross-polarization levels for all the three scan cases are better than −18.5 dB and are not shown in the plot for the sake of brevity. The presented 45-element tunable reflectarray with simplified biasing scheme showcases the feasibility of achieving beamscanning using BST loaded patch antennas. Fig. 11 shows the variation of array gain with frequency for broad-side case. A peak gain of 8.3 dBi with a 1 and 3-dB gain bandwidth of approximately 2% and 4%, respectively, is measured. Finally, the loss budget analysis of the array is listed in Table I . The difference of 1.16 dB between the measured and calculated losses can be attributed to the measurement tolerances such as polarization errors, absorber sheet, and the supporting structures.
V. DISCUSSION There are two notable beamsteerable reflectarrays at K [22] and K a [36] band utilizing MEMS and Liquid Crystal technology, respectively, that can serve as benchmarks to compare with the presented reflectarray. Table II is a comparison for the key performance parameters of these arrays. The reflectarrays demonstrated in [22] and [36] both have higher gains than the array presented here, however, they utilize significantly larger apertures. The total efficiency presented in [22] is very similar to the result reported here. Even though the total efficiency of the array in [36] was not provided, by comparing the aperture size in [36] and the array presented here, we can estimate that the efficiencies are similar. The 3-dB gain fractional bandwidth of array demonstrated in [22] is very similar to that of the array presented here. The maximum value of the BST tuned reflectarray's side lobe levels are very similar to the levels reported in [22] and [36] .
The MEMS tuned array is capable of steering the beam to 0°or +40°in the H -plane with no continuity between. To enable the MEMS tuned array to scan to multiple angles, additional MEMS devices would need to be added, which would likely decrease the array's total efficiency. The liquid crystal tuned array can continuously scan from −20°to +20°i n the E-plane, however, nematic liquid crystals suffer from slow switching speeds typically on the order of milliseconds [37] and their temperature dependence makes them illsuited for space applications [18] . The reflectarray presented here can continuously scan the main beam from 0°to +25°in the E-plane, the BST tuned reflectarray does not scan the beam to negative angles because there would be significant blockage from the feed due to the small size of the aperture. A larger aperture similar to the array presented in [36] would reduce the effects of the feed blockage, increasing the beamsteering range of the array. Similar to the array in [36] , the array presented here is capable of continuous beamsteering, however, it uses a larger tuning voltage. If a lower biasing voltage is required, the gap size can be reduced. However, this increases the sensitivity to bias voltage and worsens IP3 [38] .
VI. CONCLUSION A 5 × 9 tunable reflectarray antenna has been designed, simulated, fabricated, and measured at K a band. The reflectarray was configured to scan in only the E-plane due to the prohibitive cost of 45 individual high-voltage sources. Continuous beamsteering up to 25°in the E-plane, with a broadside gain of 8.3 dBi, an efficiency of 6.76%, and a 2% 1-dB and 4% 3-dB gain bandwidth has been demonstrated. This BST-integrated reflectarray demonstrates the feasibility of BST-tuned reflectarrays at K a band. Due to its monolithic integration, BST tuned reflectarrays are well suited to be extended to V − and W -band applications. Future work includes the realization of a larger antenna aperture with individual phase control to improve the efficiency and side lobe levels of the array.
